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Ab initio and density functional theory calculations at the B3-MP2 and CCSD(T)/6-311 
G(3df,2p) levels of theory are reported that address the protonation of adenine in the gas
phase, water clusters, and bulk aqueous solution. The calculations point to N-1-protonated
adenine (1) as the thermodynamically most stable cationic tautomer in the gas phase, water
clusters, and bulk solution. This strongly indicates that electrospray ionization of adenine
solutions produces tautomer 1 with a specificity calculated as 97–90% in the 298–473 K
temperature range. The mechanisms for elimination of hydrogen atoms and ammonia from 1
have also been studied computationally. Ion 1 is calculated to undergo fast migrations of
protons among positions N-1, C-2, N-3, N-10, N-7, and C-8 that result in an exchange of five
hydrogens before loss of a hydrogen atom forming adenine cation radical at 415 kJ mol1
dissociation threshold energy. The elimination of ammonia is found to be substantially
endothermic requiring 376–380 kJ mol1 at the dissociation threshold and depending on the
dissociation pathway. The overall dissociation is slowed by the involvement of ion-molecule
complexes along the dissociation pathways. The competing isomerization of 1 proceeds by a
sequence of ring opening, internal rotations, imine flipping, ring closures, and proton
migrations to effectively exchange the N-1 and N-10 atoms in 1, so that either can be
eliminated as ammonia. This mechanism explains the previous N-1/N-10 exchange upon
collision-induced dissociation of protonated adenine. (J Am Soc Mass Spectrom 2005, 16,
1713–1726) © 2005 American Society for Mass SpectrometryProtonation of adenine, adenosine, and adenine-containing nucleotides has been of interest to gasphase and solution chemists alike. In aqueous
solution, adenine and adenosine prefer to be protonated
at N-1 [1], as unequivocally established by 1H-NMR
studies [2].
In the gas phase, adenine is protonated at one of the
basic nitrogen atoms, and the composition of the tau-
tomer mixture depends on the reaction conditions [3].
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doi:10.1016/j.jasms.2005.06.010Of particular interest to mass spectrometrists are the
dissociations of protonated adenine, as observed fol-
lowing collisional activation. Collisionally activated dis-
sociation (CAD) mass spectra of ions corresponding to
protonated adenine have been studied for ions obtained
by dissociation of adenosine upon atmospheric pres-
sure chemical ionization [4], and by fast-atom bombard-
ment ionization of adenine in glycerol matrix [5]. The
CAD spectra of adenine (M  H) ions obtained at
30–50 eV collision energies in the laboratory reference
frame (ELAB) showed mainly eliminations of ammonia,
hydrogen cyanide, (NH3HCN) and fragments due to
ring cleavages. The loss of ammonia dominates the
dissociations at ELAB  30 eV. In contrast, CAD spectra
obtained at keV collision energies (ELAB  8–10 keV)
showed a major loss of a hydrogen atom in addition to
the dissociations found in the low-energy CAD spectra
[3]. The difference between the 30-eV and 8-keV CAD
spectra is very dramatic indeed, as the former shows no
fragments at m/z 135 due to loss of H [5], whereas in the
latter m/z 135 is the most abundant fragment ion [3].
Isotope labeling revealed that the elimination of
ammonia involved mainly (97%) the nitrogen atoms
from N-1 and the amino group (N-10), and the ammo-
nia molecule contained these nitrogen atoms with
nearly equal probability (44:56). A complementary
NH4
 fragment in the 30-eV CAD spectrum was found
to originate mainly (90%) from N-1 with minor contri-
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1714 TURECˇEK AND CHEN J Am Soc Mass Spectrom 2005, 16, 1713–1726butions from N-3 (2%) and N-10 (8%) [5]. Interestingly,
CAD spectra obtained at ELAB  30 eV under near-
single collision conditions showed ca. 3.5:1 ratio for loss
of ammonia involving the N-1 and N-10 positions. Loss
of ammonia from protonated adenine upon CAD at
10-keV involves 11–13% hydrogen atoms from each
C-2, C-8, and N-9, the main source of H atoms being the
N-1 and N-10 protons [3]. In contrast, the loss of an H
atom is nearly statistical and involves H atoms from all
positions in protonated adenine [3].
Experimental data also indicate that CAD of proton-
ated adenine is fairly inefficient. At 10 keV and 50% ion
beam transmittance (69% single and 30% double colli-
sions), only 1% of protonated adenine dissociated by
loss of ammonia [3]. At 50 eV and multiple collision
conditions, the efficiency of CAD loss of ammonia was
about 10% [4]. This suggests that loss of ammonia
requires a substantial energy at the dissociation thresh-
old or in the transition-state of the rate-determining
step.
The loss of ammonia involving N-1 and N-10 raises
the question of the dissociation mechanism that has not
been satisfactorily answered by the previous work.
Based on 15N labeling, Nelson and McCloskey postu-
lated that protonation at N-1 in adenine weakens the
N-1OC-2 bond and causes ring opening that results in
equilibration of the N-1 and N-10 positions [5]. How-
ever, the energetics of such dissociation has not been
addressed. Unexplained, also, remains the peculiar in-
creased selectivity in the loss of N-1-containing ammo-
nia under single-collision CAD conditions that obvi-
ously cannot result from equilibration of the N-1 and
N-10 nitrogens.
The goal of the present work is to provide structures
and energies for reactants, intermediates, transition
states, and products relevant to the dissociation path-
ways leading to loss of ammonia from protonated
adenine. To this end, we have conducted extensive ab
initio and density functional theory calculations at high
levels of theory, and attempted to quantify the branch-
ing ratios in the product formation through unimolecu-
lar rate constants obtained by Rice-Ramsperger-Kassel-
Marcus theory. We also address by computations the
question of adenine protonation selectivity in the gas
phase and aqueous solution.
Calculations
Standard ab initio and density functional theory calcu-
lations were performed using the Gaussian 03 suite of
programs [6]. Geometries were optimized with Becke’s
hybrid functional (B3LYP) [7] using the 6-31  G(d,p)
basis set. The optimized structures for most relevant
species are shown in Figures 1, 2, and 3. Complete
geometries in the Cartesian coordinate format are avail-
able as Supplementary Material. The same level of
theory was used for frequency analysis to characterize
local energy minima (all real frequencies) and transition
states as first-order saddle points (one imaginary fre-quency). Improved energies were obtained by single-
point calculations using B3LYP and Moller-Plesset the-
ory [8] truncated at second-order (MP2, frozen core)
and the larger triple- split valence 6-311  G(3df,2p)
basis set furnished with multiple shells of polarization
functions at C, N, and H and one shell of s and p diffuse
functions at C and N. A further increase of the basis set
to 6-311  G(3df,2p) had a negligible effect on both the
total and relative energies that changed by E0.016
millihartree and 0.22 kJ mol1, respectively. The B3LYP
and MP2 single point energies were averaged according
to the previously reported B3-MP2 scheme [9] that has
been shown to achieve improved accuracy at the level
of highly correlated composite ab initio methods by
canceling small errors inherent to the B3LYP and MP2
approximations [10, 11]. Another set of energies was
obtained for selected species from single point calcula-
tions with coupled cluster theory [12] employing single,
double, and disconnected triple excitations of valence
electrons [13], CCSD(T), and the 6-31G(d,p) basis set.
The energies were extrapolated to CCSD(T)/6-311 
G(3df,2p) using the standard linear formula, eq 1.
ECCSD(T) ⁄ 6-311G(3df,2p)
ECCSD(T) ⁄ 6-31G(d,p)EMP2 ⁄ 6-311
G(3df,2p)EMP2 ⁄ 6-31G(d,p) (1)
The B3-MP2 and CCSD(T) energies were used to calcu-
late relative energies that were corrected for zero-point
vibrational contributions. The reported relative energies
thus correspond to 0 K unless stated otherwise. En-
thalpy corrections and entropies were calculated from
B3LYP/6-31  G(d,p) harmonic frequencies and mo-
ments of inertia within the rigid rotor-harmonic oscil-
lator approximation.
Solvation free energies were calculated using the
refined polarizable continuum model (PCM) of Tomasi
et al. [14a] included in Gaussian 03. As noted in the
program, this PCM model is different from that in-
cluded in Gaussian 98 [15], and the free energies from
these two models should not be mixed.
RRKM calculations were performed using Hase and
Zhu’s program [16] that was recompiled and run under
Windows XP [17]. Direct count of quantum states was
used in 2 kJ mol1 steps from the transition-state energy
up to 600 kJ mol1 above it. Rotational states were
treated adiabatically or as active modes in separate
runs. These two treatments gave rate constants that
were within 0.5% at each energy point and were con-
sidered equivalent. The calculated microscopic rate
constants, k(E, J, K), were Boltzmann averaged over the
rotational states at 473 K, corresponding to the ion
source temperature that defines the precursor ion rota-
tional temperature, to give microcanonical rate con-
stants k(E). Variational transition-state theory [18] was
used for calculations of dissociations that did not have
well defined saddle points on the potential energy
surface. Harmonic frequencies, moments of inertia, and
1715J Am Soc Mass Spectrom 2005, 16, 1713–1726 TAUTOMERS, SOLVATED CLUSTERS, AND DISSOCIATIONsingle point B3-MP2 energies were obtained at several
points along the reaction coordinate up to the rotational
barrier limit and used to calculate k(E). The point with
the smallest k(E) was assigned the transition state for
the dissociation (canonical variational criterion) [19].
Figure 1. B3LYP/6-31  G(d,p) optimized stru
7–10.Figure 2. B3LYP/6-31  G(d,p) optimized structResults and Discussion
Adenine Protonation in the Gas Phase
In the previous experimental work, adenine was pro-
tonated in the gas phase under low-pressure CI condi-
es of protonated adenine tautomers 1–3 andcturures of protonated [adenine  H2O] clusters.
1716 TURECˇEK AND CHEN J Am Soc Mass Spectrom 2005, 16, 1713–1726tions using different gas-phase acids [3], in the FAB
plume from a glycerol matrix [5], and in aqueous-
methanol solution droplets by electrospray ionization
[20]. Since the question of protonation sites in adenine is
relevant to the present study, we address it in some
detail before the discussion of dissociation mechanisms
of protonated adenine.
The topical proton affinities (PA) of adenine in the
gas phase have been addressed by several calculations
at various levels of theory [21]. According to the highest
levels of theory used, which were CCSD(T)/6-311 
G(3df,2p) and B3-MP2/6-311  G(3df,2p) [3], N-1 is the
most basic position in adenine, (PA(N-1)  939 kJ
mo11), followed by N-3 (PA 932 kJ mo11), N-7 (PA
904 kJ mo11), and N-10 (PA  846–850 kJ mo11). The
carbon atoms C-2, C-4, C-5, C-6, C-8, and the N-9
position have very low basicities (PA  800 kJ mol1)
[3] and do not have to be considered in the context of
protonation. The gas-phase equilibria for protonation at
the two most basic N-1 (ion 1, Figure 1) and N-3
positions (ion 3) give GT
o (1 ¡ 3)  6.8 and 6.7 kJ
mo11 at 298 and 473 K, respectively, favoring 1. Thus,
under equilibrium conditions, protonation at N-1 is
predicted to be favored over N-3 at 94/6 and 85/15% at
298 K and 473 K, respectively. The third most basic
position (N-7, ion 7) is calculated to be disfavored
against N-1 by GT
o (1¡ 7)  33 and 32 kJ mo11 at
298 and 473 K, respectively, and would amount to
0.3% of 7 at equilibrium. The optimized structures of
protonated tautomers 1, 2, 3, 7, 8, 9, and 10 are
given in Figure 1.
It should be noted that protonation by CI or FAB
typically does not proceed under equilibrium condi-
tions. CI on beam instruments is conducted at 0.1-1.0
torr of the reagent gas and the ions are extracted within
a few microseconds from the ion source, which dictates
that the proton transfer kinetics be fast to achieve good
yields of protonated analyte ions. Hence, gas-phase
protonation is typically conducted such as to occur at
the collisional rate, which requires that the proton
transfer be substantially exoergic [22], e.g., for protona-
tion with NH4
 according to eq 2:
AdenineNH4
¡ 1NH3
Hrxn,29886 kJ mol
1 (2)
Under these conditions, reversible and endoergic pro-
ton transfer from 1 to ammonia is highly inefficient
given the NH3 partial pressure in the ion source, the ion
residence time there, and the limited number of colli-
sions that the ions undergo in the high-pressure CI ion
source (100) [3]. Hence, CI-protonation of adenine at
N-1, N-3, and N-7 can be expected to be dominated by
kinetic effects, not thermochemistry, because the neces-
sary condition of proton transfer exoergicity is fulfilled
for all these three positions.
Similar conditions apply to protonation by FAB,
which occurs at reaction times on the order of micro-seconds, and where the reactant acids are protonated
glycerol, its proton-bound oligomers, and ionized frag-
ments [23]. These are all substantially less basic than
adenine, making the protonation highly exothermic. For
example, the PA of glycerol (875 kJ mol1) and its
fragments, e.g., glycolaldehyde (777-780 kJ mol1) make
the cations in the glycerol FAB matrix sufficiently acidic
to irreversibly transfer a proton on adenine under
kinetically controlled conditions. Although the previ-
ous investigators presumed that adenine was proton-
ated at N-1 in their FAB/MS experiments [5], their
assumption was based on ion thermochemistry, not
kinetics. It is therefore possible, even likely, that CI and
FAB protonation of adenine under nonequilibrium con-
ditions produced mixtures of thermodynamically al-
lowed tautomers.
Protonated Adenine Tautomers in Water
Protonation of adenine under equilibrium conditions in
water occurs preferentially at N-1 with pKB  4.0 [1, 2].
Calculations of the solvation energies of protonated
adenine tautomers, using the polarizable continuum
model (PCM), explain well this selectivity. The free-
energy data in Table 1 indicate that position N-1 in
adenine in water is 48–130 times more basic than N-3
(depending on the PCM model used, [14, 15], and
250–319 times more basic than N-7. The N-10 amino
group has a negligible basicity in water. The relative
basicities in water are composed from the relative free
energies in the gas phase (Gg,298
o ) and the solvation
energies (Gsolv) in a polar dielectric with the dielectric
constant of water. The latter were calculated using two
PCM models that gave slightly different solvation en-
ergies. Table 1 data show that the relative topical
basicities in adenine are determined mainly by the
Gg,298
o . Amongst the isomers, cation 7 receives the
highest stabilization by solvation with water, but this
effect is insufficient to reverse the relative stabilities for
the gas-phase tautomers. Cations 1 and 3 have sim-
ilar solvation free energies, so that the Gg,298
o difference
in the gas phase is transferred to and even slightly
increased in aqueous solution. Thus, if adenine is pro-
tonated in an aqueous solution, such as in acidic drop-
lets produced by electrospray, equilibrium proton
transfer should greatly favor formation of 1 against its
tautomers. Note that proton transfer between the sol-
vent and the solute is extremely rapid in water [24], and
so tautomer equilibrium can be expected to be complete
on the 1 ms lifetime of the droplet [25], as corrobo-
rated by previous studies of pH effects and equilibria in
electrospray droplets [26].
Protonated Adenine Tautomers in Water Clusters
Adenine cations formed by electrospray [20] undergo
phase transition from solution to the gas phase that may
involve intermediate gaseous clusters of the cation with
one or more molecules of solvent. To address this issue,
11717J Am Soc Mass Spectrom 2005, 16, 1713–1726 TAUTOMERS, SOLVATED CLUSTERS, AND DISSOCIATIONwe have obtained optimized structures and relative
energies of clusters of 1, 3, 7, and 10 with one
water molecule, and also isomeric clusters of 1 and 3
with two water molecules. The optimized structures are
shown in Figures 2 and 3. The first water molecule
solvating 1 is chelated between the N-1-H proton and
the syn-oriented hydrogen atom of the amino group in
the most stable cluster 1a. Other clusters, e.g., those
water-solvated at N-10 and N-7 (1b) and at N-9 (1c)
Figure 3. B3LYP/6-31  G(d,p) optimized structures of proton-
Table 1. Relative enthalpies and free energies of selected
tautomers of protonated adenine
Ion
Relative energya
Hg,0
o b Gg,298
o c Gsolv
d Gaq,298
o e
1 0 0.0 296 (275)f 0
2 219 — — —
3 7 6.8 295 (271) 8.3 (11)f
7 34 33 315 (294) 14.0 (14.6)
8 157 — — —
9 193 — — —
0 91 86 304 (291) 79 (70)
aIn units of kJ mol1.
bRelative enthalpies in the gas phase from B3-MP2/6-311  G(3df,2p)
single point energies and B3LYP/6-31  G(d,p) ZPVE corrections.
cRelative free energies in the gas phase from B3-MP2/6-311 G(3df,2p)
single point energies and B3LYP/6-31  G(d,p) ZPVE corrections,
enthalpies and entropies.
dSolvation energies in a water polar dielectric calculated using the
refined PCM model [14].
eRelative free energies for protonated adenine tautomers in water.
fThe values in parentheses are from calculations that used the older
PCM model [15].ated [adenine  2H2O] clusters.are less stable than 1a. Structures 1b and 1c are
analogous to singly-hydrated water clusters of neutral
adenine [27]. The optimized structures of the singly-
hydrated clusters 3a and 7a show the water molecule
being chelated between the N-3 and N-9, and N-7 and
NH2 protons, respectively (Figure 2). Hydrogen bonding
in 3a is analogous to water solvation in the N-3-H, N-9-H
tautomers of neutral adenine, where the water oxygen
also coordinates protons of the N OH bonds [27].
The participation of the sterically proximate NOH
bonds in hydrogen bonding to water is possibly caused
by their substantial polarization in protonated adenine.
For example, the H-14 and N-10 atoms in 1a carry
elementary charges of 0.44 and 0.72 (by natural pop-
ulation analysis [28], and the resulting bond dipole
interacts with the dipole of the water molecule. In
contrast, the optimized structure of 10a shows coordi-
nation of the water oxygen atom to one of the ammo-
nium protons, whereas the water protons are not coor-
dinated to the neighboring adenine nitrogen atoms (N-1
or N-7). This is understandable from the NPA local
Table 2. Relative and dissociation energies of protonated
[adenine  H2O] clusters
Species/reaction
Relative and dissociation enthalpies
and free energiesa,b
H0 Gg,298
o Gg,373
o Gg,473
o
1a 0.0 0.0 (94)c 0.0 (84) 0.0 (68)
1b 12.5 13.8 (0.3) 14.3 (0.8) 15.0 (1.5)
1c 12.7 8.5 (3.0) 6.9 (9.2) 4.7 (21)
3a 9.6 8.7 (2.7) 8.4 (5.5) 8.0 (8.9)
3b 26 26 (0.0) 26 (0.0) 26 (0.1)
7a 30 30 (0.0) 30 (0.0) 30 (0.0)
10a 85 78 (0.0) 77 (0.0) 74 (0.0)
1a ¡ 1  H2O 61 26 17 5.2
3a ¡ 3  H2O 59 24 16 3.9
7a ¡ 7  H2O 65 29 20 6.9
10a ¡ 10  H2O 68 34 25 14
aFrom B3-MP2/6-311  G(3df,2p) single-point energies  B3LYP/6-31 
G(d,p) ZPVE, enthalpies and entropies.
bAll energies are in units of kJ mol1.
cPercentages at equilibrium.
Table 3. Relative energies of protonated [adenine  2H2O]
clusters
Species
Relative and dissociation enthalpies
and free energiesa,b
H0 Gg,298
o Gg,373
o Gg,473
o
1d 0.2 0.0 (90)c 0.0 (95) 0.0 (96)
1e 0.0 5.6 (9.2) 7.8 (4) 10.5 (1.4)
3b 13.9 11.5 (0.8) 10.8 (1) 9.4 (2.2)
3c 14.2 19.1 (0.0) 20.9 (0) 23.1 (0.0)
1d ¡ 1a  H2O 45 15 7.8 2.1
3b ¡ 3a  H2O 41 12 5.4 3.5
aFrom B3-MP2/6-311  G(3df,2p) single-point energies  B3LYP/6-31 
G(d,p) ZPVE enthalpies and entropies.
b 1In units of kJ mol .
cPercentages at equilibrium.
heme
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positive charge within the NH3 group (0.65). This
results in a tight hydrogen bonding to the water oxygen
(at 1.648 Å OOH-14 distance, Figure 2). A decrease of
this ion-dipole interaction upon stretching the OOH-14
distance apparently would not be compensated by a
weak dipole-dipole interaction between one of the
water protons and N-1 or N-7 in chelated structures.
Cluster 1a is calculated to be thermodynamically
stable (Gdis  0) in the typical range of temperatures
used in electrospray ionization (Table 2). However,
when the reduced partial pressure of the solvent in the
ion transfer system (0.5 torr) and the temperature are
taken into account, the cluster is predicted to dissociate.
For example, at 373 K, a dissociation of 1a to 1 and
Sc
Table 4. Transition state energies for H-atom migrations
in protonated adenine
Ion
Transition state energya
B3LYP B3LYP MP2 B3-MP2 CCSD(T)
6-31 
G(d,p) 6-311  G(3df,2p)
1 0 0 0 0 0
TS(1¡2) 278 279 271 275 285
TS(1¡10) 191 198 184 191 191
TS(2¡3) 265 266 264 265 272
TS(10¡7) 198 203 184 194 193
TS(7¡8) 256 257 272 265 264
TS(8¡9) 336 338 338 338 342
TS(1¡17) 324 328 317 323 317aIn units of kJ mol1, including zero-point vibrational corrections.water has a Keq  3.9  10
3, which results in a
[1]/[1a]  Keq  (760/0.5)  5.9 equilibrium ratio,
indicating 85% dissociation. The same ratio is 400 at
473 K, indicating a complete dissociation of the cluster.
This is consistent with the experimental data that
showed no solvent clusters in electrospray mass spectra
of adenine obtained with heated transfer capillary at
423-453 K [20]. Likewise, clusters 3a, 7a, and 10a are
thermodynamically stable against loss of water at 298-
473 K, but are predicted to dissociate at 473 K and low
partial pressures of water.
Clusters 3a, 7a, and 10a are, in general, less
stable than 1a, and their relative stabilities follow the
same order as those of the respective protonated ade-
nine tautomers 1–10 (Table 2). This indicates that the
most stable N-1-protonated tautomer 1 is also the most
stable structure when solvated by one water molecule
in an intermediate cluster during desolvation. At a 298
K equilibrium, 1a–1c are calculated to constitute 97%
of all singly hydrated clusters.
N-1 is also calculated to be the preferred protonation
site in gas-phase clusters of protonated adenine with
two water molecules. Optimized structures were ob-
tained for several doubly hydrated clusters (Figure 3),
and their thermodynamic properties are summarized in
Table 3. The most stable structure 1d preserves coor-
dination to N-1-H and N-10-H by the first water mole-
cule, whereas the second water is hydrogen bonded to
N-9-H (Figure 3). An isomer, 1e, is a local energy
minimum that has the second water molecule
hydrogen-bonded to N-10-H and N-7, which results in
1a slightly less stable configuration. Two clusters of 3
ructu
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are both less stable than 1b and 1c. At equilibrium,
97–99% of [adenine  2H2O] clusters consist of N-1-
protonated structures. The second water molecule is
bound 16–18 kJ mol1 less strongly than the first one,
and the doubly-solvated complexes become thermody-
namically unstable at 473 K. Even at 298 K, the Gg
o
values (Table 3) indicate that the doubly-hydrated com-
plexes substantially dissociate when the water partial
pressure drops to 0.5 torr.
In summary, N-1-protonated adenine 1 is the most
stable tautomer in aqueous solution, water clusters, and
the gas phase. Protonation in water under equilibrium
conditions is predicted to form 90–97% of 1 as the
most stable tautomer whose isomerization to other
tautomers during transition to the gas phase is thermo-
dynamically disfavored in all intermediate stages. The
logical conclusion is that the predominant majority of
protonated adenine ions produced by electrospray have
structure 1.
Proton Migrations in Protonated Adenine
in the Gas Phase
Loss of a hydrogen atom, which is the dominant disso-
ciation of 1 upon CAD at keV collision energies, is
accompanied by extensive though incomplete random-
ization of all hydrogen atoms in the ion [3]. Our
previous calculations showed that the loss of an H atom
is a highly endothermic dissociation that requires 415 kJ
mol1 at the thermochemical threshold of the lowest-
energy product, which is the adenine cation-radical [3].
In addition, complete-active space (CASSCF) calcula-
tions indicated that the dissociation of the N-1OH bond
Figure 4. B3LYP/6-31  G(d,p) optimized stin 1 is continuously endothermic and proceeds with-out a reverse potential energy barrier. A question arises
of how the N-1OH bond dissociation in 1 competes
with intramolecular hydrogen migrations that scramble
the H atoms among positions N-1, C-2, N-10, C-8, and
N-9. To address this issue, we have now obtained the
potential energy barriers for transition states for several
relevant 1,2- 1,3-, and 1,4-hydrogen migrations. A se-
quence of such migrations represents a plausible mech-
anism for scrambling all hydrogen atoms in 1. The
transition states for H-atom migrations from B3-MP2
calculations are shown schematically in Scheme 1 and
briefly discussed in text. The TS energies obtained at
other levels of theory are summarized in Table 4.
Starting clockwise from 1, a 1,3-migration through
TS(1 ¡ 10) produces isomer 10. TS(1 ¡ 10) (Figure 4)
is the lowest-energy transition-state for hydrogen mi-
grations in protonated adenine at ETS  191 kJ mol
1
above 1. Ion 10 can undergo a consecutive 1,4-H-
migration through TS(10 ¡ 7) to form 7, which can
further isomerize to 8 through TS(7 ¡ 8). A further
1,2-H migration from 8 to 9 faces a high-energy TS
(8 ¡ 9) at ETS  338 kJ mol
1 relative to 1.
Starting counter-clockwise from 1, a 1,2-migration
through TS(1 ¡ 2) (Figure 4) produces isomer 2, which
can further isomerize by a 1,2-H migration through TS
(2¡ 3) to the more stable isomer 3. We could not find
a transition-state for a 1,3-H migration from N-3 to N-9,
possibly because of the rigidity of the adenine skeleton
that prevents N-3 and N-9 from getting at a distance
allowing H-atom transfer. A series of 1,2-H migrations
may also be possible, e.g., N-3 ¡ C-4, and C-4 ¡ N-9,
that would complete the proton ring walk. However,
C-4-protonated adenine (4) is 252 kJ mol1 less stable
than 1, indicating a high-energy barrier for the isomer-
res of transition states for proton migrations.ization. Because C-4 carries no hydrogen atom, H-
uctur
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hydrogen atoms involved in H-atom scrambling in
protonated adenine. The important reference energy
points are the dissociation thresholds for loss of H
forming adenine cation-radical (415 kJ mol1 above 1)
and elimination of ammonia. The latter is at 374-380 kJ
mo11 above 1, depending on the product cation, as
discussed in more detail in the next section.
The TS energies indicate that H-atom migrations in
1 are possible at ion internal energies well below the
dissociation thresholds for loss of H and elimination of
ammonia. Starting from 1, a single reversible pass
through TS(1 ¡ 2) would randomize the N-1 and C-2
hydrogen atoms. Randomization of H atoms at posi-
tions N-10, C-8, and N-9 would require several revers-
ible consecutive steps in the clock-wise pathway. The
effect this may have on the kinetics of competitive
dissociations and H-atom migrations is discussed later
in the section on RRKM kinetics.
Mechanisms for N-1 and N-10 Exchange
in Loss of Ammonia and Formation of NH4

Elimination of N-1 as ammonia or NH4
 must involve
opening of the pyrimidine ring and multiple hydrogen
Figure 5. B3LYP/6-31  G(d,p) optimized strScheme 2transfers. Ring openings in 1 were investigated for
dissociations of the N-1OC-2 and N-1OC-6 bonds
leading to intermediates 11 and 12, respectively
(Scheme  2, Figure 5). Both these dissociations are sub-
stantially endothermic at 257 and 410 kJ mol1, for 11
and 12, respectively (Table 5). Intermediate 12 is
above the dissociation threshold for loss of ammonia
and its reactions were not studied further. Intermediate
11 is a very shallow potential energy minimum that
becomes 1 kJ mol1 unstable with respect to ring
closure through TS(11¡ 1) when zero-point corrections
are included. Hence, ion 11 can be considered a ledge
on the potential energy surface for 1 dissociations.
Rotation of the amidine group in 11 about the
C-5OC-6 bond is endothermic and leads to another
intermediate 13 at 317 kJ mol1 above 1 (Scheme 3,
Figure 6. Note that the N-1 imine group in both 11 and
13 has an unfavorable syn-configuration that does not
allow hydrogen migration from the N-10 amino group.
Syn-anti flipping of the imine hydrogen in 11 is
endothermic to form anti-11 at 303 kJ mol1. Syn-anti
flipping of the imine hydrogen in 13 to anti-13 is 11 kJ
mol1 exothermic, but shows a TS at 394 kJ mol1
relative to 1 which is above the dissociation threshold
for loss of ammonia.
A lower-energy TS (Figure 6) was found at 339 kJ
mol1 for a ring closure in 13 to form ion 14 in which
the former N-10 is now in a ring position and N-1 is in
the exocyclic imine group (Scheme 3). Upon syn-anti
flipping of the imine group in 14, an exothermic ring
opening occurs that breaks the C-6ON-10 bond to form
intermediate 15 at 191 kJ mol1 above 1. The TS for
14 ¡ 15 (Figure 5) is only 1 kJ mol1 above 14
es of transition states for N-1/N-10 exchange.suggesting that this ion is dynamically unstable when
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¡ 14). Intermediate 15 undergoes a practically barri-
erless rotation of the imine group to an anti-isomer
(16) which can reform the pyrimidine ring through
TS(16 ¡ 17) (Figure 5) at ETS  261 kJ mol
1 to produce
ion 17 (Scheme 4). Finally, a 1,3-hydrogen migration
from the ring N-10-H2 group in 17
 through TS(17 ¡
1=) at ETS  323 kJ mol1 (Figure 5) concludes the N-1
and N-10 swap in ion 1= (Scheme 4).
The energies for the intermediates and TS along the
isomerization pathway for converting 1 to 1= are
summarized in Table 5. The potential energy surface
shows three kinetically important points. The high-
energy TS(13 ¡ 14) and TS(17 ¡ 1=) at 339 and 323 kJ
Table 5. Relative energies for intermediates and transition state
Ion
B3LYP
6-31  G(d,p)
B
1 0
10 95
11 264
anti-11 313
TS(1¡11) 264
12 385
13 324
anti-13 313
TS(1¡anti-13) 323
TS(11¡anti-11) 374
TS(13¡anti-13) 398
TS(anti-13¡anti-11) 498
TS(13¡14) 341
14 262
TS(14¡15) 260
15 184
TS(15¡16) 190
16 188
TS(16¡17) 259
17 230
TS(17¡1=) 324
18 245
TS(16¡18) 273
19 247
TS(18¡19) 324
20  NH3 393
22  NH3 380
NH4
  21 333
23 291
TS(10¡23) 362
24 334
aIn units of kJ mol1 including B3LYP/6-31  G(d,p) ZPVE corrections.Scheme 3mol1, respectively, (Table 5) represent the bottlenecks
for the 1¡ 1= isomerization. Note that these TS have
energies that are above that for N-1 ¡ N-10 H-migra-
tion, so that ions 1 that undergo nitrogen swap
through the 1 ¡ 1= pathway have sufficient internal
energy to isomerize to 10 en route to elimination of
ammonia. However, the energy threshold for the elim-
ination of ammonia is above the highest-energy TS in the
1 ¡ 1= isomerization pathway. In other words, a
fraction of 1 can exchange the N-1 and N-10 positions
before losing ammonia. The third kinetically important
point is the practically isoenergetic intermediates 15
and 16 that can be considered as two fluxional forms
of a single species. In contrast, intermediates 11, 13,
14, and 17 exist as shallow potential energy minima
or ledges on the potential energy surface and are
therefore kinetically less important. This feature plays a
role in the kinetics of the 1 ¡ 1= isomerization that
will be addressed later in the pertinent section.
The isomerization pathway revealed by the present
calculations differs from the mechanism suggested by
Relative Energya
MP2 B3-MP2 CCSD(T)
6-311  G(3df,2p)
0 0 0
82 91 87
256 257 257
304 303 304
255 256 256
442 410 396
317 317 315
306 306 304
320 319 313
372 368 375
399 394 399
483 486 492
341 339 332
259 260 250
263 261 258
208 191 198
201 190 195
209 193 200
265 261 260
227 229 218
317 323 317
228 234 232
267 267
231 237 234
307 311 315
373 375 380
379 374 376
322 326 317
291 291 296
365 359 362
337 334 336s
3LYP
0
101
258
302
257
379
316
307
318
365
390
489
336
261
259
175
178
177
257
232
328
239
268
243
314
376
369
331
290
354
330Nelson and McCloskey [5]. Those authors considered
PVE
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ring isomer of protonated adenine, e.g., 11, 13, or
their anti-isomers. We have obtained the TS for H-
migration in anti-13¡ anti-11= that would swap N-1
and N-10 according to the Nelson-McCloskey mecha-
nism (Scheme 6). However, the TS appears at a very
high-energy (486 kJ mol1 relative to 1), which indi-
cates that this pathway could not compete with other
isomerizations, e.g., 13 ¡ 14, nor with a loss of ammo-
nia through 1¡ 10 which would involve only N-10.
The present calculations further indicate that open-ring
isomers of 1 are all high-energy species that can exist
only as transient intermediates in multi-step dissocia-
tions, but are not significantly populated at equilibrium
with 1.
An intriguing feature of dissociations of 1, as
determined experimentally [5], is the formation of
NH4
 containing mainly N-1, not N-10. This indicates
an isomerization/dissociation pathway starting from
1 but excluding the steps that result in N-1/N-10
exchange such as those in the elimination of ammo-
nia. An energetically plausible mechanism is shown
in Scheme 6. It starts from intermediate 16 that can
Figure 6. Potential energy surface for N-1/N-1
mol1 are from B3-MP2/6-311  G(3df,2p)  ZScheme 4be accessed directly from 1 by inverse hydrogen
migration from the N-10 amino group unto N-1, 1¡
17, followed by exothermic ring opening to 16.
Note that these steps do not cause N-1/N-10 ex-
change. Intermediate 16 undergoes isomerization by
H-atom migration to form ion 18. The latter further
rearranges by NH3 migration to form an ion-molecule
complex (19) consisting of NH4
 which is hydrogen-
bonded to isonitrile 21. Complex 19 can undergo
competitive dissociations to NH4
 at 326 kJ mol1
threshold energy relative to 1, or by proton transfer
and loss of ammonia to form ion 20 at 375 kJ mol1
threshold energy. The difference between these two
threshold energies comes from the difference in the
proton affinities of ammonia and isonitrile 21.
apping isomerizations in 1. The energies in kJ
calculations and are plotted relative to 1.0 swScheme 5
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The B3-MP2 and CCSD(T) potential energy surfaces for
the isomerizations and dissociations of protonated ad-
enine provide platforms for the qualitative interpreta-
tion of the experimental data obtained from CAD
spectra. In particular, the calculated TS and threshold
energies indicate that ions possessing internal energies
that allow them to dissociate by loss of H, ammonia,
and formation of NH4
 can also isomerize by ring
opening/closure and hydrogen migrations that result
in scrambling of all six hydrogen atoms and N-1/N-10
exchange in the dissociating ions and products. We now
address the quantitative aspects of these competitive
and consecutive reactions by using unimolecular rate
constants calculated by RRKM theory. The kinetic
scheme for the elimination of ammonia is complicated
owing to the number of intermediates along the disso-
ciation pathways, as shown in Figure 6. The overall
kinetic scheme, including all intermediates and inter-
connecting transition states, is practically intractable.
However, the hydrogen migrations around the adenine
ring can be considered cul-de-sac reactions that are
kinetically irrelevant for the branching ratios for the
loss of NH3 involving N-1 and N-10. This follows from
kinetic analysis and the fact that 1 or its N-swapped
counterpart 1= are nodal species in the branching
scheme for dissociations leading to loss of NH3.
With regard to loss of NH3, we will address three
pathways. The first one consists of reversible isomer-
izations resulting in N-1/N-10 swapping, 1 ↔ 11 ↔
14 ↔ 15 ↔ 16 ↔ 17 ↔ 1=. The other two are
dissociations of intermediates to 20  NH3 and 22
 
NH3, respectively. The RRKM rate constants (Figure 7a)
for the reversible isomerizations identify 1↔ 15, 15
↔ 17, and 17↔ 1= as the rate determining coupled
steps, so that the time- and internal energy-dependent
reaction fluxes through these steps, 1↔ 15↔ 17↔
1=, can be rigorously handled by formal kinetics [29]. A
factor beyond our kinetic analysis is the uncertainty in
the reaction times and conversions to products in the
Scheme 6previous CAD experiments [4, 5]. These were carriedout under multiple-collision conditions and so, the
terminal ion velocities and hence, the dissociation times
are unknown. We estimate that the dissociation times
were within a broad range of 100–1000 s and for those
we calculate the time-dependent populations of 1 and
1= as a function of the internal energy of 1 which was
the initial reactant. We also estimate from the published
CAD spectra [4] that about 10% of precursor ions
dissociated by loss of ammonia under those experimen-
tal conditions.
Figure 7b shows the molar fractions of 1 and  1=
(with swapped N-1 and N-10 nitrogen atoms) resulting
from the kinetic analysis of the 1↔ 15↔ 17↔ 1=
isomerization, plotted as a function of the ion internal
energy and based on CCSD(T) TS energies. The energy
and time-dependent molar fractions were calculated
using the RRKM rate constants and solving the differ-
ential kinetic equations by Laplace transforms; they are
plotted for three representative reaction times, 133 s,
420 s, and 1.33 ms. Calculations using the B3-MP2
energies gave very similar results and need not be
discussed separately. Figure 7 shows that the  1 ↔ 1=
isomerization exhibits a very substantial kinetic shift [30]
that amounts to 120 kJ mol1. The highest TS energy
Figure 7. (a) RRKM rate constants (log k, s1) for reversible
isomerizations 1↔ 15 and 17↔ 1= calculated for CCSD(T)/
6-311  G(3df,2p) TS energies. (b) Energy and time-dependent
molar fractions of 1 and 1= from RRKM rate constants and
formal kinetic analysis of reversible isomerizations of 1↔ 15↔
17 ↔ 1=. The reaction times are as indicated.
1724 TURECˇEK AND CHEN J Am Soc Mass Spectrom 2005, 16, 1713–1726for this pathway is at TS(13 ¡ 14)  332 kJ mol1
relative to 1, yet the formation of 1= becomes signif-
icant (k  10) only at internal energies 450 kJ mol1.
To approach the experimentally observed equilibration
of  1 ↔ 1= (44/56) [5] requires that 1 had internal
energies greater than 510 and 560 kJ mol1 at reaction
times of 1.3 ms and 133 s, respectively. We note that
these internal energies are accessible in collisions with
argon atoms of 1 having ELAB  30 eV, where the
upper bound of the convertible energy is given by the
center of mass energy, ECM 30 40/(40 136) 6.82
eV in a single collision. The finding that a slightly
greater fraction of ammonia contains N-1 than N-10
points to the participation by a competing channel, e.g.,
1↔ 17↔ 16↔ 18¡ 20  NH3, which involves
only N-1. Conversely, the dissociation through the
channel 1 ↔ 10 ↔ 23 ↔ 24 ¡ 22  NH3 that
involves only N-10 when starting from 1 must be
slower than the N-1/N-10 exchange to satisfy the
experimental data.
Solving the kinetics of the dissociations by loss of
ammonia is made difficult by two factors. One is that
the final dissociation steps from 18, 19, and 24 are
continuously endothermic, and must be treated by
appropriate kinetic models, e.g., variational TS theory
[19] or the transition-state switching model [31]. This is
aggravated by the existence of several shallow local
minima on the potential energy surface that correspond
to weakly bound ion-dipole complexes of 22 and
ammonia, such as structures 19, 23, and 24 (Figure
8). That these intermediates are kinetically important
was indirectly revealed by RRKM analysis that consid-
ered only the steps 1↔ 10¡ 22  NH3, where the
first reversible step has a regular transition-state, and
the second step was treated by variational TS theory at
several points along the C-6. . .NH3 coordinate. Under
these conditions, the calculated molar fractions of 22
indicate that 10% dissociation would be achieved in 1
Figure 8. B3LYP/6-31  G(d,p) optimized structures of ion-
molecule complexes 19, 23, and 24.having 470–500 kJ mol1 internal energies for dissoci-ation times between 1.3 ms and 133 s (Figure 9).
Clearly, this is incompatible with the rates for N-1/N-10
isomerization which will achieve only 8–12% equilibra-
tion within the same energy interval and at the same
times. A tentative agreement with the experimental
data can be achieved only if the dissociation rate to 22
 NH3 had a shallower increase with the ion internal
energy, as indicated by the shifted dotted curve for
dissociation at 1.3 ms in Figure 9. Shallow k(E) curves
have been reported previously for dissociations involv-
ing very loose or barrierless transition states, where the
rate constants predicted by RRKM are often greater
than the experimental values [18, 19]. The existence of
ion-molecule complexes at the late stages of dissocia-
tion can further decrease the number of quantum states
available at the dividing surface from which the disso-
ciation proceeds to products, and thus decrease the
reaction rate. A rigorous treatment of this problem
would be a daunting task due to the size and complex-
ity of the adenine system.
In view of the energetically possible mechanistic
pathways for elimination of ammonia, the specific loss
of N-1 upon single-collision conditions [5] remains
difficult to explain. The only intermediate of those we
identified that is capable to eliminate N-1-containing
ammonia without intervention of N-10 is ion 18
(Scheme 6). However, competing dissociations of 18
should favor complex 19 and result in the formation of
NH4
 as the energetically more favorable charged frag-
ment. A tentative explanation of the single-collision
CAD data would take into account dynamic effects in
highly excited 1 that irreversibly steer the dissociation
into the channel 1¡ 17¡ 16¡ 18¡ 20  NH3.
Figure 9. Energy and time-dependent molar fractions of 22 
NH3 from kinetic analysis of RRKM rate constants for 1

↔ 10¡
22  NH3. The dashed horizontal line indicates 10% dissociation
corresponding to the CAD spectrum. The dashed curve is from
k(E) for the 10 ¡ 22  NH3 step that was scaled by 0.1.Another possibility is that the extremely small fraction
1725J Am Soc Mass Spectrom 2005, 16, 1713–1726 TAUTOMERS, SOLVATED CLUSTERS, AND DISSOCIATIONof protonated adenine that was found to dissociate
under single-collision conditions [5] sampled some
high-energy adenine tautomers in which N-1 was prone
to be lost as ammonia.
Conclusions
Investigation of the structures and energies for a num-
ber of ions relevant to adenine protonation leads to the
following conclusions. Protonation of adenine by elec-
trospray most likely forms the N-1-protonated tautomer
1. This is the thermodynamically most stable structure
in bulk water, gas-phase clusters with one or two water
molecules, and as an isolated gas-phase species. Isomer-
izations to adenine tautomers protonated at N-3, N-7,
and N-10 are all endoergic in bulk water, water clusters,
and the gas phase, and these isomers are calculated to
amount to 3% at room temperature. From this we
conclude that electrospray of adenine from aqueous
solutions produces ions 1 of high purity.
An energetically plausible mechanistic pathway was
found for an isomerization of 1 that results in switch-
ing N-1 and N-10 before loss of ammonia. This pathway
involves a ring opening by cleavage of the N-1OC-2
bond, rotations and imine group flips in several inter-
mediates, and a rate-determining proton migration
from N-10 to N-1 in a ring-reformed intermediate.
Kinetic analysis of the isomerizations and dissociations
revealed kinetic shifts of more than 120 kJ mol1 in both
processes. In particular, very large kinetic shifts in the
elimination of ammonia are necessary to make the
N-1/N-10 swapping competitive on the time scale
compatible to those considered for collision-induced
dissociations.
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